Under conditions where glycolate synthesis was inhibited at lenst 50% in tobacco (1icodana tabacum L.) leaf dics treated with glycidate (2,3-epoxypropionate), the (26) have observed that RuDP1 oxygenase activity, but not carboxylase activity, was severely inhibited by treating the isolated enzyme from spinach leaves for 1 hr with 5 mm glycidate. The interpretation of their results is uncertain because apparently in their experiments the enzyme preparations used for carboxylase and oxygenase assays were not similarly activated by prior treatment with Mg ions and CO2 (14) and the assays were carried out under different conditions. With Chromatium cells, Asami and Akazawa (1) found that glycidate had no effect on CO2 fixation, but that the slow rate of glycolate synthesis and excretion from the cells was stimulated by the treatment. They also showed that in crude bacterial extracts 5 mM glycidate did not inhibit RuDP carboxylase/ oxygenase activity or the transketolase-catalyzed formation of glycolate, another possible source of glycolate (21).
The loss of CO2 by photorespiration, a process related biochemically to the synthesis and metabolism of glycolate (28) , has been shown to decrease net photosynthesis greatly in many species. This has stimulated interest in regulating the glycolate pathway. Supplying 20 mm glycidate (2,3-epoxypropionate), a chemical analogue of glycolate and glyoxylate, to tobacco leaf discs in the light for 1 hr resulted in a 40 to 50% inhibition of both glycolate synthesis and photorespiration and caused a similar percentage increase in net 14CO2 fixation (30) . The inhibitor did not affect glycolate oxidase activity either in vivo or in vitro. The products of photosynthetic 14CO2 fixation in leaf discs were altered by floating them on glycidate solution. Pool sizes of glycine and serine (products of glycolate metabolism) were decreased while carbohydrate and especially the aspartate and glutamate pools were increased.
Since then a number of other glycidate effects have been described. Purohit and Tregunna (18) have shown that floating leaf discs of Nicotiana glutinosa for long periods on 5 mM glycidate inhibited the multiplication of tobacco mosaic virus (in which serine is a major constituent of the coat protein). This inhibition was reversed by supplying glycine or serine to the discs, indicating that the glycolate pathway was affected by glycidate. Chollet (6) observed a 20 to 50% increase in photosynthetic "4CO2 fixation with isolated spinach chloroplasts provided with 3 mm glycidate, although no inhibition of the low rates of glycolate synthesis was observed in this system in the presence of glycidate. Whole cotton leaves wet with glycidate solution did not have a lower CO2 compensation point, and he concluded that his results were at variance with the experiments previously conducted in this laboratory with tobacco leaf discs (30) . However, no attempt to repeat our experiments was described. Wildner and Henkel (26) have observed that RuDP1 oxygenase activity, but not carboxylase activity, was severely inhibited by treating the isolated enzyme from spinach leaves for 1 hr with 5 mm glycidate. The interpretation of their results is uncertain because apparently in their experiments the enzyme preparations used for carboxylase and oxygenase assays were not similarly activated by prior treatment with Mg ions and CO2 (14) and the assays were carried out under different conditions. With Chromatium cells, Asami and Akazawa (1) found that glycidate had no effect on CO2 fixation, but that the slow rate of glycolate synthesis and excretion from the cells was stimulated by the treatment. They also showed that in crude bacterial extracts 5 mM glycidate did not inhibit RuDP carboxylase/ oxygenase activity or the transketolase-catalyzed formation of glycolate, another possible source of glycolate (21) .
In preliminary reports (32, 34) we presented further evidence that glycidate is an effective and specific inhibitor of glycolate synthesis in tobacco leaf discs, and showed that the inhibitor acted without directly affecting the RuDP carboylase/oxygenase activity. Increasing the pool sizes in leaf discs of some common metabolites (such as glutamate, aspartate, or glyoxylate) blocks glycolate synthesis and photorespiration and greatly increases net CO2 assimilation (16, 17) . This paper shows that glycidate does not block glycolate synthesis by directly affecting RuDP carboxylase/oxygenase activity, but that glycidate inhibits NADPH-glyoxylate reductase and may thereby increase the glyoxylate pool size. This increase together with the inhibitory effect of glycidate on glutamate:glyoxylate aminotransferase reported in the accompanying paper (13) , indicate that glycidate inhibits glycolate synthesis by increasing the glutamate and glyoxylate concentrations in the tissue.
MATERIALS AND METHODS Seed) 1.6 cm in diameter were cut with a sharp punch from plants grown in a greenhouse. The discs were assigned to each sample by means of a Latin square design, and were floated top side up on 2.5 ml of water in 50-ml beakers, three discs per beaker (with a total fresh wt of about 120 mg). A total of three to 12 discs constituted a sample in different experiments. The beakers were held in place in a cutout Plexiglas sheet in a 28 C water bath and were illuminated from above and with a mirror beneath the beakers so that 300 ILE m-2sec-' (400-700 nm) of irradiance were provided. All of the beakers were loosely covered with a Plexiglas sheet for a preliminary period of 60 min. In glycidate experiments, the water was then replaced with either glycidate solution or water for an additional period of 60 min or longer with occasional shaking. When glycolate synthesis was measured, the solutions were removed, the discs were washed with water, and 10 mm a-hydroxy-2-pyridinemethanesulfonic acid (Fluka AG, Buchs, Switzerland) was added to inhibit glycolate oxidase (29) . The discs were killed by plunging them into boiling 20% ethanol and keeping them at this temperature several min, and the glycolate accumulated in the presence of sulfonate was determined colorimetrically after anion exchange chromatography as previously described (29) .
When extracts of leaf discs were prepared for enzyme assays, at the end of the experimental period the discs were quickly immersed in fresh water and homogenized in a TenBroeck homogenizer with a 2.25 ml of ice-cold grinding medium containing 0.05 M Tris-HCl buffer at pH 7.4, 1 M NaCl, 1 mM EDTA, 2 mM MgCl2, and 80 mm 2-mercaptoethanol (5). The homogenates were centrifuged at 2,500g for 10 min and the soluble proteins were collected by placing the supernatant fluid on a column (2 x 13 cm) of Sephadex G-25 (Pharmacia Fine Chemicals), which had previously been equilibrated with 0.05 M Tris-HCl buffer at pH 7.4 containing 0.2 M NaCl and 0.5 mM EDTA at 5 C (5), and eluting in the cold with the same solution. After a void volume of 17 ml was discarded, proteins were eluted in the next 10 ml.
In some experiments, the proteins eluted from Sephadex G-25 were further concentrated, to about 2 ml, by ultrafiltration using an Amicon Diaflo (model 12) apparatus fitted with a PM-10 membrane (which retains mol wt above 20,000). The proteins were then fractionated by chromatography on a column (2 x 21 cm) of Sephadex G-100, at 5 C. Elution was carried out with the same buffer system as above. After a void volume of about 20 ml was discarded, the first 10-ml fraction coincided with the elution of dextran blue (mol wt about 2 x 106). A second fraction of 5 ml and a third fraction of 10 ml were collected. Finally a fourth fraction of 10 ml which contained the early portion of horse heart Cyt c (mol wt about 12 x 103) was eluted. Protein was determined colorimetrically (15 (14) .
Phosphoglycolate phosphatase was assayed (19) in a reaction mixture that contained Tris-acetate buffer at pH 6.3 (100 ,umol), MgCl2 (1 ,mol) , and the crude enzyme extract in a final volume of 0.75 ml. At zero time, P-glycolate (prepared as described (27) (30) . Since RuDP carboxylase/oxygenase activity is believed to be an important reaction in glycolate synthesis in vivo (2, 22) , the effect of glycidate on the activity of this enzyme in leaf discs was investigated. (Table II) . From the amount of 14C taken up by the leaf tissue and the specific radioactivity of the inhibitor, the final concentration of glycidate was calculated to be about 8 mm in experiment 1 and 5 mm in experiment 2 (Table II) . This indicates that glycidate was readily taken into the leaf discs under these conditions. As indicated under "Materials and Methods," pure glycidate is eluted mainly but not exclusively in the "malic acid" fraction obtained by ion exchange chromatography on Dowex 1-acetate. The difference in radioactivity in the isolated "malic acid" fraction from the Dowex 1 column compared with the values in the nonmetabolized glycidate controls, indicated that during a 2.5-hr exposure 16% of the glycidate was metabolized by the leaf discs. The rate of glycidate metabolism was therefore about 0.5 umol/g fresh wt of leaf-hr.
The specific activity of RuDP carboxylase was essentially the same in extracts from leaf discs floated on 20 mm [1- (11), and P-glycolate phosphatase from pea leaves had mol wt of 50,000 and 100,000 (9) . Accordingly, proteins differing so greatly in mol wt from RuDP carboxylase could readily be fractionated by chromatography on Sephadex G-100, as described under "Materials and Methods." Table III shows that the arbitrary separation of the soluble proteins into the four fractions previously described places about 70% of the protein extracted in fraction 1 (including proteins with mol wt above 100,000), and about 10% in each of fractions 2, 3, and 4 (the last fraction contains protein with mol wt approaching 12,000). As expected, about 95% of the RuDP carboxylase activity was located on fraction 1 (Tables III  and IV) , and the specific activity was greatest in fraction 1. Fraction 2 contained the highest total and specific activity for NADH-and NADPH-glyoxylate reductases and P-glycolate phosphatase.
Labeling of Leaf Proteins with [1- (Table IV) . This is a conservative procedure, because the increased time used for the pretreated discs increased the percentage inhibition of glycolate synthesis slightly (legend of Table IV) .
Although column chromatography with Sephadex G-100 isolated almost all of the RuDP carboxylase activity in fraction 1 (Tables III and IV) , the greatest amount of 14C fixed from the radioactive glycidate was in fraction 2 (Table IV, experiments 1 and 2). The highest specific radioactivity on a mg protein basis (or based on a conservative estimate of the moles of protein per fraction) was also found in fraction 2, showing that [1-14C] glycidate reacted more with a protein or proteins of lower mol wt than with larger proteins such as RuDP carboxylase.
Effect of Glycidate in Leaf Discs on the Activity of Some
Extracted Enzymes. A number of independent experimental approaches described above were all consistent with the view that glycidate does not inhibit glycolate synthesis by directly affecting RuDP carboxylase/oxygenase activity. Therefore, the possible effect of glycidate on the glyoxylate reductases and P- 
Labeling in Tobacco Leaf Discs in the Light
In Experiment 1, after a preliminary period on water, 6 leaf discs were floated on a total of 1.5 ml of 20 mM [1-14C] glycidate (a total of 1.58 x 106 cpm; 52,500 cpm/uool) for 2.5 hr (A), or for 2.5 hr on nonradioactive glycidate followed by an additional 2.5 hr with [1-14C] (Table V) . NADPH-glyoxylate reductase, however, was consistently inhibited about 35% in extracts from leaf discs treated with 20 mM glycidate for 2.5 hr compared with extracts from control discs on water and with other enzyme activities assayed.
Glycidate Effect on Activity of Isolated NADPH-and NADH-Glyoxylte Reductases. Since the activity of NADPHglyoxylate reductase, but not NADH-glyoxylate reductase, was inhibited in leaf discs treated with glycidate, the effect of the inhibitor on partially purified enzyme from tobacco leaves was also examined. Figure 1 shows a concentration-and time-dependent inhibition of isolated NADPH-glyoxylate reductase by glycidate. About 15% inhibition was obtained after 15 min with 5 mm glycidate and 25% inhibition was found with 10 mM glycidate. Some further characteristics of this inhibition were studied. Adding glyoxylate (as much as 16.7 mM) or NADPH to the enzyme in the reaction mixture before adding glycidate did not protect the enzyme or alter the degree of inhibition; there was no effect of enzyme concentration on the extent of inhibition by glycidate; and little difference was found in the extent of inhibition by glycidate at pH 8 compared with pH 6.4.
In contrast to the results in Figure 1 , NADH-glyoxylate reductase activity in the same preparation (specific activity, about 5 (Table IV) or calculated on the basis of moles of protein. Glycidate had no effect on the activity of isolated RuDP carboxylase or its inhibition by 100% 02 (32) . Thus, glycidate must inhibit glycolate synthesis either by affecting RuDP oxygenase activity indirectly, or it interferes with other biochemical reactions responsible for most glycolate synthesis.
The finding of an oxygenase activity associated with RuDP carboxylase (4) stimulated the hypothesis that this was the exclusive or at least the major pathway for glycolate biosynthesis and hence photorespiration (2, 22) . There are a number of experimental difficulties associated with accepting this hypothesis with regard to observations about glycolate synthesis in vivo. For example, the rates of RuDP oxygenase activity reported are too low to account for the rapid synthesis of glycolate in leaves in normal air, P-glycolate has not been found to function as an important intermediate in glycolate synthesis in kinetic experiments with whole tissues, and glycolate is synthesized in chloroplasts even at saturating CO2 levels when the RuDP oxygenase cannot function (8, 31) . Also, it has not yet been possible to inhibit the oxygenase activity without also inhibiting the carboxylase activity when the enzyme is activated by pretreatment with CO2 and Mg ions (7) . Nevertheless, we have shown (Tables I, II, IV) that glycolate synthesis in tobacco leaf discs may be inhibited 50% or more by floating illuminated leaf discs on solutions of glycidate (30) , and similar inhibitions are caused by glutamate (17) or glyoxylate (16) , while net CO2 assimilation is greatly increased. This indicates that RuDP carboxylase activity was not inhibited when glycolate synthesis was blocked.
Glycidate is readily taken up by leaf discs under the conditions described and is slowly metabolized (Table II) . Extracts of leaf discs previously treated with glycidate have activities of RuDP carboxylase/oxygenase, NADH-glyoxylate reductase, and P-glycolate phosphatase similar to the activities of extracts from untreated discs (Table I and V) . In contrast, NADPH-glyoxylate reductase activity was inhibited about 35% when discs were floated on glycidate. Isolated NADPH-glyoxylate reductase was also inhibited 25% by reaction with 10 mm glycidate for 15 min. The chemical nature of the binding between glycidate and the enzyme has not been investigated, although reactions between the epoxide group of glycidate and exposed carboxyl groups (20) or sulfhydryl groups (10) on proteins would be expected.
Glycidate inhibited NADPH-glyoxylate reductase but had almost no effect on NADH-glyoxylate reductase activity. NADPH-glyoxylate reductase was shown to be a protein distinct from NADH-glyoxylate reductase by conventional fractionation techniques (33) . The NADPH-enzyme was later located in chloroplasts (23) , while the NADH-enzyme was found in leaf peroxisomes (23) . Glycidate may therefore block glycolate synthesis by inhibiting the glyoxylate reductase of the chloroplast. This enzyme may play a role in the biosynthesis of glycolate as shown by the conversion of [2-14C] glyoxylate to [2- 14C]glycolate in leaf discs (29) . Alternatively, blocking the NADPH-glyoxylate reductase activity may bring about an increase in the pool size of glyoxylate and inhibit glycolate synthesis by a feedback mechanism similar to that apparently observed when glyoxylate itself is supplied to leaf discs (16) .
In an accompanying paper (13) it is shown that glycidate is a strong inhibitor of glutamate:glyoxylate aminotransferase and that the inhibitor increases the pool size of glyoxylate in tobacco leaf discs. Blocking this aminotransferase or NADPH-glyoxylate reductase with glycidate could contribute to the increased glyoxylate concentration observed. Inhibition of the aminotransferase also explains the large increase in pool size of glutamate and aspartate in leaf discs treated with glycidate.
